The gastrointestinal (GI) tract of mammals is inhabited by a complex microbial community that plays a crucial role in maintaining GI tract homeostasis (4, 32) . The GI microbiota can perform a variety of beneficial metabolic functions including the catabolism of complex carbohydrates to yield short-chain fatty acids such as butyrate (35) . The gut microbiota also directly interacts with the intestinal mucosa, aiding in the development of the mucosal epithelium and maturation of the mucosal immune system (27) .
Another beneficial function of the indigenous GI microbiota is to provide resistance to colonization by pathogenic microorganisms, a defense mechanism commonly referred to as "colonization resistance" (6, 17, 45) . Although there is wide variation in the specific composition of the climax microbial community of the GI tract between individuals, within an individual, the climax community appears to be relatively stable over time (26, 51) . This stability is reflected in the development of colonization resistance. In spite of colonization resistance, certain pathogenic bacteria are able to establish residence in the gastrointestinal tract despite the presence of the indigenous microbiota. It is not known if the introduction of an "invasive species" causes detectable changes in the overall ecologic structure of the intestinal microbial community.
The examination of complex consortia of bacteria has been transformed by the development of culture-independent methods to determine the composition and structure of the community (34) . In large part, this has been accomplished through the retrieval of small subunit (SSU) rRNA gene sequences, which provide a phylogenetic context in which to describe the diversity of the community. Several methods have been developed to examine the SSU rRNA-encoding gene (15) . One method is to directly amplify DNA extracted from a community using primers that target the conserved regions of the SSU rRNA-encoding gene. These amplicons are then cloned, and the sequences of a number of these clones were determined.
While rRNA-encoding gene sequencing provides unambiguous phylogenetic identification, the richness of many microbial communities and the laboriousness of the technique make this approach unwieldy when applied to a large number of communities. Hence, other approaches, such as terminal restriction fragment length polymorphism (T-RFLP), were developed as rapid methodologies with high throughput that are more suitable for this type of analysis (31) . T-RFLP targeting SSU rRNA-encoding genes (2, 3) has been used to profile complex microbial communities (8, 9, 30) . Although phylogenetic identification of specific members of a community is difficult, T-RFLP can rapidly provide information regarding the richness and evenness of a complex community.
In this study, we monitored the community structure of the mucosa-associated microbiota of the murine cecum during the establishment of colonization by the murine pathogen Helicobacter hepaticus (43) . We used T-RFLP analysis and 16S rRNA-encoding gene clone library construction to provide the first detailed examination of the microbial ecology of the GI tract during invasion by a bacterial pathogen.
(Parts of the information presented here were presented at the 104th General Meeting of the American Society for Microbiology, 23 to 27 May 2004, New Orleans, LA.)
MATERIALS AND METHODS

Animals and housing.
The initial infection studies were performed with C57BL/6 animals purchased from Jackson Laboratories (Bar Harbor, ME). For subsequent experiments, a breeding colony of wild-type C57BL/6 mice was established using breeding stock purchased from Jackson Laboratories. All animal protocols were reviewed and approved by the Michigan State University All University Committee on Animal Use and Care. Mice were housed with autoclaved food, bedding, and water. Cage changes were performed in a laminar flow hood. Animals were housed in groups of up to four animals per microisolator cage, and animals experienced a cycle of 12 h of light and 12 h of darkness.
Helicobacter hepaticus and growth conditions. The type strain of H. hepaticus, strain 3B1 (ATCC 51449), was obtained from the American Type Culture Collection (ATCC), Manassas, VA, and was cultured on trypticase soy agar plates containing 5% sheep blood. A microoxic environment was maintained in vented GasPak jars without catalyst which were evacuated to Ϫ20 mm Hg and then equilibrated with a gas mixture consisting of 80% N 2 , 10% H 2 , and 10% CO 2 . An incubation temperature of 37°C was used for growth. H. hepaticus suspensions for animal challenge were prepared by harvesting organisms from culture plates into trypticase soy broth (TSB).
Experimental mouse infection. Four-to six-week-old C57BL/6 wild-type mice were challenged orally with 1 optical density at 600 nm unit (approximately 1 ϫ 10 8 CFU) of a suspension of H. hepaticus strain 3B1 in TSB. Control animals were given 300 l of sterile TSB. The H. hepaticus suspension and the TSB control were administered directly into the stomach using a 24-gauge ball-tipped gavage needle. Infected and control groups of mice were kept in separate cages.
Monitoring of colonization. The colonization status of H. hepaticus-infected animals was monitored weekly by culture and PCR analysis of fecal pellets taken from three mice in each experimental group as described previously (49) .
Necropsy and microbiological culture. Mice were euthanized by CO 2 asphyxiation. The tip of the cecum of each mouse was removed, quartered, and washed in phosphate-buffered saline to remove luminal contents. Three sections were snap-frozen in dry ice/ethanol, and one section was cultured on CVA selective agar plates (20 mg/ml cefoperazone, 10 mg/ml vancomycin, 2 mg/ml amphotericin B, 5% sheep blood, 1.5% trypticase soy agar).
DNA extraction. Total DNA was extracted from the cecal samples using a commercial kit (DNeasy tissue kit; QIAGEN, Germantown, MD), as recommended by the manufacturer, except that the cecal samples were digested in the supplied ATL buffer overnight prior to continuing with the extraction procedure.
T-RFLP analysis. T-RFLP was performed as outlined previously (5) . PCR amplification employing primers targeting bacterial 16S rRNA genes (8F and 1492R [38] ) was performed on each DNA sample. The 8F primer was linked to the fluorescent dye 6-FAM (Integrated DNA Technologies, Coralville, IA), and the 1492R primer was unlabeled. Each 25-l PCR mixture contained 20 pmol of each primer, 200 M of each deoxynucleoside triphosphate, and 1.5 U of Taq DNA polymerase in a final concentration of 10 mM Tris-HCl-50 mM KCl-1.5 mM MgCl 2 (Ready To Go PCR beads; Amersham Pharmacia Biotech, Piscataway, NJ). PCR was performed under the following cycle conditions: an initial denaturation step at 94°C for 2 min and 30 cycles of denaturation at 94°C for 30s, annealing at 58°C for 45s, and extension at 72°C for 90s. A final extension step at 72°C for 5 min was performed. The PCR product was purified using GFX purification columns (Amersham Pharmacia Biotech). Two hundred nanograms of purified PCR amplicon was cut individually with the restriction enzymes HhaI and MspI (New England Biolabs, Beverly, MA) for 1 to 2 h at 37°C (30) . The DNA fragments were separated on an ABI 3100 Genetic Analyzer automated sequence analyzer (Applied Biosystems Instruments, Foster City, CA) in GeneScan mode at Michigan State University's sequencing facility. The 5Ј-terminal restriction fragments (TRFs) were detected by excitation of the 6-FAM molecule attached to the forward primer. The sizes and abundance of the fragments were calculated using GeneScan 3.7. The PCR conditions and the restriction digest conditions were chosen to allow maximal reproducibility.
Analysis of T-RFLP profiles. Profiles were analyzed as follows using Microsoft Excel and the JMP statistical package. Calculations were performed on profiles generated by digestion of fluorescently labeled PCR amplicons with both HhaI and MspI. To standardize each profile for the quantity of labeled DNA present in each sample, the sum of TRF peak heights in each profile being compared was calculated. The sum of peak heights generally varied less than twofold over all of the profiles. Each sum of TRF peak heights was normalized to the lowest sum of peak heights of the comparison samples. This yielded a correction factor that was applied to each peak in a given profile. The resultant peak heights were filtered to eliminate peaks with a height below the noise threshold (set at a relative fluorescence value of 50).
Calculation of diversity indices. For each normalized T-RFLP profile, the number and height of peaks in each profile were considered to represent the number and relative abundance of different phylotypes present in the sample. Phylotype richness (S) was calculated as the total number of distinct TRF peaks in each normalized profile. The Shannon-Weiner diversity index was calculated as follows: H ϭ Ϫ iϭ1 iϭS p i lnp i , where p i is the proportion of the ith peak relative to the sum of all peak heights. Evenness was calculated as H/H max , where H max ϭ ln(S) (the case when all p i 's are equal; therefore, p i ϭ 1/S). An additional calculation was preformed for T-RFLP profiles from H. hepaticus-infected animals. In this case, the H. hepaticus-specific TRF was removed from each profile prior to the normalization procedure and the calculation of diversity indices.
Clone libraries. The community structure of infected and uninfected mice was also analyzed by the construction of 16S clone libraries. Unlabeled 8F and 1492R primers were used to amplify DNA samples using the same conditions as those for T-RFLP analysis. Following purification, the PCR products were ligated into a T-tailed plasmid vector (pCR 2.1; Invitrogen, Carlsbad, CA). DNA sequence and sequence analysis were performed as detailed previously (50) . Briefly, each clone was sequenced with a single primer (519R) that typically yielded ϳ500 bases of readable sequence. Sequences were analyzed for the formation of chimeras using the Chimera Check program from the Ribosomal Database Project (10) . Potential chimeric sequences were excluded from additional analysis. Sequences were aligned to one another using the ARB suite of programs (available through http://www.arb-home.de). Regions of ambiguous alignment (primarily stem structures of variable length) were excluded from the final comparison of sequences such that 342 positions were used in the final phylogenetic analyses. Phylogenetic trees were calculated using the ARB neighborjoining algorithm.
Grouping of 16S clone library sequences and rarefaction analysis (23) were performed using the FastGroup program (39) (available at http://phage.sdsu .edu/research/projects/fastgroup/). Coverage estimations were calculated by the method described previously by Good (21) .
Statistical differences in the compositions of clone libraries from infected and uninfected samples were determined using LIBSHUFF (version 1.2) (40). As was done for the T-RFLP profiles, an additional analysis using LIBSHUFF was performed, this time removing rRNA-encoding gene sequences corresponding to H. hepaticus prior to statistical analysis.
In silico terminal restriction fragment length polymorphism analysis. Terminal restriction fragments using the restriction enzymes HhaI and MspI were calculated for each of the 16S rRNA-encoding gene clones using a software tool designed to be integrated into the ARB program suite (36) . This in silico T-RFLP analysis tool (TRF-CUT) predicts TRFs based on the ARB-aligned sequences. After deleting sequences homologous to H. hepaticus, the predicted TRFs were plotted as a histogram using the DeltaGraph software program (Red Rock Software, Salt Lake City, Utah). A uniform bin size of 5 base pairs was used in generating the histograms.
Nucleotide sequence accession numbers. The partial 16S rRNA-encoding gene sequences were deposited in GenBank under the accession numbers AY914179 to AY914315.
RESULTS
Mouse infections with H. hepaticus. H. hepaticus strain 3B1
(the type strain) was administered via oral gavage to four wild-type C57BL/6 mice. An equal number of control animals received sterile culture broth. The animals were monitored for colonization with H. hepaticus by culture and H. hepaticusspecific PCR performed on freshly voided fecal pellets. All of the animals infected with H. hepaticus remained colonized with H. hepaticus for the 30-day duration of this experiment (data not shown).
Thirty days after infection with H. hepaticus, the animals underwent gastrointestinal necropsy. The cecal tip was harvested, and the luminal contents were removed. The tissue was longitudinally divided into four sections and frozen for subsequent DNA extraction. None of the animals were found to have gross lesions at necropsy, and histologic examination of VOL. 73, 2005 GASTROINTESTINAL INFECTION WITH H. HEPATICUS 6953 the cecum and colon did not reveal any typhlocolitis in either the control or infected animals (data not shown).
T-RFLP analysis of cecal tissue 30 days after H. hepaticus infection. DNA was extracted from frozen cecal tissue and analyzed by T-RFLP using the restriction enzymes HhaI and MspI. To determine the expected location for the H. hepaticusspecific TRF within a T-RFLP profile, purified genomic DNA from H. hepaticus strain 3B1 was also subjected to T-RFLP analysis.
Visual inspection of the T-RFLP traces reveals that infected animals possessed a prominent TRF corresponding to an H. hepaticus TRF (Fig. 1) , whereas profiles from uninfected animals lacked this TRF. To quantify changes in the community structure of the mucosa-associated microbiota associated with colonization by H. hepaticus, traditional indices of ecologic diversity were calculated for both the HhaI and MspI T-RFLP profiles. As seen in Fig. 2 , colonization with H. hepaticus was associated with a significant decrease in both overall diversity (as measured by the Shannon-Weiner diversity index, H) and evenness (H/H max ). There was no significant difference in the number of TRFs encountered in the T-RFLP profiles from infected animals compared to uninfected animals (data not shown).
To determine to what extent the changes in diversity and evenness were due to the dominance that H. hepaticus assumed within the community, these indices were recalculated. This time, the H. hepaticus-specific TRF was removed from each profile obtained from an infected animal before calculation of the diversity and evenness. When the H. hepaticus-specific TRF was suppressed, the differences between the infected animals and uninfected animals were no longer statistically significant (Fig. 2) .
Clone library analysis. T-RFLP analysis provides a relatively inexpensive and high-throughput method for performing microbial community analyses. However, although an overall "fingerprint" of the community is obtained by T-RLFP, it is difficult to identify specific members of the community, unless their presence is suspected beforehand (as is the case with H. hepaticus in experimentally infected animals).
To provide insight into the specific bacterial species present in the tissue from H. hepaticus-infected and uninfected mice, 16S clone libraries were constructed. SSU rRNA-encoding genes were amplified from cecal tissue DNA from an H. hepaticus-infected mouse and an uninfected control using the same bacterial primers used for T-RFLP analysis. The resultant amplicons were cloned into a T-tailed plasmid vector, and the DNA sequence was determined for a set of randomly selected clones from each library.
Examination of a phylogenetic tree that combines the 16S sequences obtained from an uninfected animal and an infected animal reveals that H. hepaticus 16S sequences were present only in the library from the infected animal (Fig. 3) . LIBSHUFF analysis (40) indicated that the composition of the two libraries was significantly different when the uninfected library was compared to the infected library, suggesting that the underlying communities being sampled were different. However, if 16S sequences homologous to H. hepaticus are deleted from the library constructed from the infected animal prior to LIBSHUFF analysis, this difference is no longer significant (Fig. 3) .
To compare the community profile obtained by T-RFLP analysis with that provided by clone library analysis, an in silico analysis of the partial 16S rRNA-encoding gene sequences was performed. HhaI and MspI TRFs were predicted for each 16S rRNA-encoding gene clone, with the exception of clones homologous to H. hepaticus, using an ARB software-integrated tool (36) . The in silico-generated TRFs were plotted in histogram format to reflect the number of times a specific in silico TRF was encountered, and these plots were compared to actual T-RFLP traces from uninfected mice (Fig. 4) . The plots of the in silico-generated TRFs were quite similar to the actual T-RFLP traces. member of the cecal mucosa-associated microbiota 1 month after experimental infection and that H. hepaticus colonization results in a decrease in the diversity of the microbiota. In order to follow the dynamics of colonization of the cecal mucosa by H. hepaticus, a time course experiment was performed. Groups of three C57BL/6 mice were infected with H. hepaticus via oral gavage. An equal number of control animals received sterile culture broth. At 2, 8, 14, and 42 days after infection, one experimental and one control group of mice were sacrificed, and the cecal tissue was taken for histopathology and T-RFLP analysis. As in the 30-day infection experiment, wild-type C57BL/6 animals did not develop significant inflammation or hyperplasia in the setting of H. hepaticus colonization (data not shown). Figure 5 shows representative MspI T-RFLP traces from cecal samples of mice at 2, 8, 14, and 42 days after infection with H. hepaticus. At all time points, a TRF corresponding to the H. hepaticus-specific TRF was visible in each tracing. This TRF was not seen in any of the uninfected control animals (data not shown). To provide an estimate of the level of colonization by H. hepaticus at each time point, the fraction of the total represented by the H. hepaticus-specific TRF was calculated. At the earliest time point, the H. hepaticus TRF represented only a small fraction (Ͻ1%) of the total TRF signal (calculated by peak height) in the tracing. Over time, however, the H. hepaticus-specific TRF became the dominant TRF seen, eventually representing ϳ50% of the total signal in the trace. This result was consistent over all of the animals examined. Figure 6A plots the relative fraction represented by the H. hepaticus-specific TRF in each animal at each time point. The H. hepaticus-specific TRF is initially a minor component of the total community at 2 days after infection but becomes a major component at 8 days after infection and the dominant component by 14 days. This predominance of the H. hepaticus-specific TRF remained at 42 days after infection. In contrast, there was no change in the appearance of the T-RFLP profiles for the uninfected animals over the entire 42-day time course (data not shown).
A plot of the Shannon-Weiner diversity index during the time course reveals that as H. hepaticus becomes increasingly dominant as a component of the mucosa-associated microbiota, the overall diversity of the community decreases (Fig.  6B) .
DISCUSSION
Colonization is the initial step in the pathogenesis of many enteric bacterial pathogens. A great deal of insight has been gained on the genetic adaptations that enteric pathogens have evolved to permit successful colonization and the eventual development of disease (12, 13) . A key emphasis has been placed on examining the interaction between pathogenic bacteria and host cells. An aspect of bacterial pathogenesis that has been less studied is the interaction between pathogenic bacteria and the preexisting microbiota that inhabits a particular ecologic niche within the host. The indigenous microbiota of the host have been postulated to interfere with the invasion by pathogenic organisms, so-called "colonization resistance" (6, 17) . It has been observed that certain bacteria residing in the GI tract, whether naturally occurring or experimentally administered, can protect the host from pathogenic bacteria (1, 24) . It is likely that a number of mechanisms, including nutrient depletion, competition for binding sites on the mucosal epithelium, and the production of inhibitory substances contribute to colonization resistance (7, 18, 19) . One of the reasons that the interaction between pathogenic bacteria and the indigenous host microbiota has not been studied in detail is that the study of complex microbial communities has been difficult. The intestinal tract of mammals is inhabited by a large and phylogenetically diverse community of microorganisms, many of them obligate anaerobes. Over the past decade, molecular-based approaches have revealed enormous phylogenetic diversity in the microbial world that is not yet represented in culture (34) . These non-culture-based techniques, which generally involve the retrieval of the DNA sequence of the small subunit rRNA gene (16S rRNA-encoding gene in the case of bacteria), were initially developed to examine microbial diversity in soil and aquatic environments. More recently, these techniques have been used to examine the indigenous microbiota of mammals. Earlier culture-based examinations of the biota of the mammalian gastrointestinal tract suggested that the majority of morphotypes seen by microscopic examination could be cultivated in the laboratory (33) . More recent culture-independent analysis of the microbial ecology of the gastrointestinal tract has suggests that the overall diversity is greater than previously estimated (4, 11, 22, 25, 42, 48) . This is due in large part to the fact that sequence-based methodologies can discriminate between bacterial isolates that may have identical morphologies and similar in vitro characteristics.
FIG. 4. Comparison between T-RFLP analysis and in silico terminal restriction fragment length polymorphism analysis. HhaI and MspI TRFs
were predicted for each 16S rRNA-encoding gene clone depicted in Fig. 3 , with the exception of clones corresponding to H. hepaticus. The in silico-generated TRFs are plotted in histogram format below a corresponding actual T-RFLP trace from an uninfected animal for each enzyme. The gray areas of the histograms above 470 base pairs represent the areas where we would not expect to see predicted TRFs, given that the maximal length of any given partial 16S sequence was 470 base pairs (see Materials and Methods). Initially, culture-independent studies on the mammalian gastrointestinal tract cataloged the species richness that is encountered in that environment (29, 37, 42, 48) . More recently, these techniques have also been used to follow changes in the intestinal microbiota over time and to compare the resident microbiota between individuals. These studies have revealed that individuals posses a community of microbes that can vary extensively from individual to individual, and within an individual, it can vary with anatomic location (11, 51) . We have used these techniques to monitor the changes in the fecal microbiota that can occur in the setting of antibiotic-associated diarrhea (50) .
H. hepaticus is a murine pathogen that has been found to be widespread in research mouse colonies. Depending on the strain of mouse, H. hepaticus infection is associated with biliary tract or lower gastrointestinal tract disease. In many strains of mice colonized with H. hepaticus, hepatic disease is subclinical and may be accompanied by subclinical enteritis (generally typhlitis or colitis) (41) . However, in mice with altered immune function, the typhlitis/colitis can be severe, leading to rectal prolapse, weight loss, and death. This murine typhlitis/colitis in the setting of altered immune function has been employed as a model for inflammatory bowel disease (14) .
In the experiments presented here, we used culture-independent community analysis to monitor changes in the mucosa-associated microbiota of the cecum during murine infection with H. hepaticus. Wild-type animals were chosen for this infection study to avoid any changes in the microbial community structure secondary to the development of typhlocolitis. In this way, any alterations in the mucosa-associated microbiota could be attributed to colonization by H. hepaticus alone and not by changes in the mucosal environment due to the development of an active inflammatory response.
T-RFLP analysis proved to be a useful method for estimating the abundance of H. hepaticus in the mucosa-associated community. Previous studies using culture (16) and a quantitative PCR assay targeting the cytolethal distending toxin of H. hepaticus (20) suggest that the organism is encountered in high numbers in the cecum of colonized mice. Although there are potential biases that result from using PCR to interrogate an entire community (46) , the T-RFLP data presented here suggest that H. hepaticus becomes the dominant member of the mucosa-associated microbiota of the cecum in infected animals. This conclusion is based on the assumption that peak height by TRF is proportional to the abundance of a particular 16S rRNA-encoding gene species in the community and thus the relative abundance of that particular bacterial species. Clone library analysis also confirmed that H. hepaticus readily colonizes the cecal mucosa and becomes the predominant bacterial species present.
It has been previously suggested that T-RFLP analysis is appropriate for monitoring changes in a given community (28) . The use of T-RFLP also revealed that the process of colonization of the cecal mucosa by H. hepaticus was associated with reproducible shifts in the overall structure of the microbial community. In the time course experiment, the kinetics by which H. hepaticus increased as a component of the community were similar from animal to animal, as were the changes in the non-H. hepaticus TRFs. Additionally, the C57BL/6 mice in the first experiment came from a different colony than the C57BL/6 mice used in the time course experiment. There were detectable differences in the TRF profiles between uninfected animals from each of these colonies (data not shown). However, the final shifts in the community resulting from H. hepaticus colonization were very similar, suggesting that H. he- We used indices of community diversity, traditionally applied to macroecologic communities such as wetlands and forests, to quantify the changes observed using T-RLFP analysis in the community structure of the mucosa-associated microbiota following colonization with H. hepaticus. H. hepaticus colonization resulted in a significant decrease in the diversity of this community. This effect appears to be primarily due to the relative dominance that H. hepaticus assumes within the community. Reanalysis of the T-RFLP profiles following removal of H. hepaticus from the mucosal communities of infected animals revealed that the diversity of the remainder of the community was not significantly different from that seen in uninfected animals. This suggests that H. hepaticus has minimal interactions with other members of the indigenous microbiota, at least not interactions detectable by analysis of the entire community by T-RFLP profiling.
Reanalysis of the clone libraries with suppression of H. hepaticus-specific clones in general supports the findings of the repeat T-RFLP analysis. However, the finer-scale resolution of taxonomic information provided by 16S rRNA-encoding gene sequence analysis supplies some additional insights into the community dynamics encountered in animals infected with H. hepaticus. LIBSHUFF analysis provides a measure of the difference between two 16S rRNA-encoding gene clone libraries based on the ability of one library to "cover" the diversity seen in a second library (40) . LIBSHUFF analysis of the libraries when H. hepaticus 16S rRNA-encoding gene clones are included indicates that the library from the uninfected animal is unable to provide coverage of the library from the H. hepaticus-infected animal (P ϭ 0.002), but in the reverse case, the library from the infected animal provides at least partial coverage of the library from the uninfected animal (P ϭ 0.076). These results are consistent with the idea that the library from the uninfected animal is a subset of the library from the infected animal (40) , and this is supported by visual inspection of the phylogenetic tree. However, LIBSHUFF analysis following the removal of 16S rRNA-encoding gene clones with homology to H. hepaticus provides additional information regarding the diversity of the indigenous microbiota in H. hepaticus-infected animals. This reanalysis shows that the library from the uninfected animal easily provides coverage of the library from the infected animal (P ϭ 0.31) when H. hepaticus is removed. However, there is a trend (P ϭ 0.051) towards inadequate coverage of the library from the uninfected animal by the library from the infected animal. Therefore, while the most obvious changes in diversity, as measured by T-RFLP and clone library analysis, are due to the dominance that H. hepaticus assumes within the community, clone library analysis suggests that more subtle perturbations of the indigenous microbiota may also be occurring.
At first glance, it is somewhat surprising that H. hepaticus was able to "invade" an established, diverse ecosystem with such ease. However, H. hepaticus, a bona fide murine pathogen, is excluded from most specific-pathogen-free mouse colonies (47). Thus, experimentally introduced H. hepaticus may be filling an underutilized or possibly "empty" ecologic niche in the gastrointestinal tract. In part, this can explain the apparent lack of interaction (e.g., direct competition) between H. hepaticus and other members of the mucosal microbiota. It has been proposed that successful introduction of an "invasive species" to an established ecosystem is a function of how different an invader is from established species (44) .
To our knowledge, this is the first time that culture-independent techniques have been used to monitor the invasion of a complex mammal-associated microbial community by a patho- FIG. 6 . Summary of the temporal monitoring of the colonization of the cecae of mice by H. hepaticus. A. The fraction of the total community represented by H. hepaticus (p i , as calculated by T-RFLP analysis) is plotted for the three mice in each experimental group at 2, 8, 14, and 42 days after infection. H. hepaticus is initially a minor component of the mucosa-associated microbiota 2 days after infection but becomes the predominant member of the community by 14 days after infection. B. The Shannon diversity index (H) plotted for the three mice in each experimental group at 2, 8, 14, and 42 days after infection. As the p i of H. hepaticus increases, this is accompanied by a corresponding decrease in the diversity of the mucosa-associated microbiota. Comparisons for all pairs of time points were performed by analysis of variance using Tukey-Kramer HSD. Time points not connected by the same letter are significantly different with an alpha level set to 0.05.
VOL. 73, 2005 GASTROINTESTINAL INFECTION WITH H. HEPATICUS 6959
gen. Our results demonstrate the power of this type of analysis on revealing details of the relationship between a pathogen and the existing microbiota of the gut. Given the importance of the indigenous GI microbiota in both health and disease, the development and use of methods by which this complex population can be monitored will aid in the study of a wide variety of gastrointestinal conditions including gastroenteritis, antibiotic-associated diarrhea, and inflammatory bowel disease.
